Objective: To assess the relative frequency of unique mutations and their associated characteristics in 97 individuals with mutations in progranulin (GRN), an important cause of frontotemporal lobar degeneration (FTLD). 
58.0 vs 61.0 years; P Ͻ.001), as was age at death (median, 65.5 vs 69.0 years; P Ͻ.001). Concomitant motor neuron disease was much less common in GRN+ FTLD-TDP vs GRN− FTLD-TDP (5.4% vs 26.3%; PϽ.001). Fifty different GRN mutations were observed, including 2 novel mutations: c.139delG (p.D47TfsX7) and c.378CϾA (p.C126X). The 2 most common GRN mutations were c.1477CϾT (p.R493X, found in 18 patients, representing 18.6% of GRN cases) and c.26CϾA (p.A9D, found in 6 patients, representing 6.2% of cases). Patients with the c.1477CϾT mutation shared a haplotype on chromosome 17; clinically, they resembled patients with other GRN mutations. Patients with the c.26CϾA mutation appeared to have a younger age at onset of FTLD and at death and more parkinsonian features than those with other GRN mutations. Clinically, patients develop prominent changes in behavior, language, or both. [2] [3] [4] Frontotemporal lobar degeneration is a genetically complex disease, with some cases showing mendelian inheritance, others without a clear inheritance pattern but nonetheless demonstrating a strong hereditary component, and others that appear to be sporadic. Of the mendelian causes of FTLD, mutations in 2 genes account for a large proportion of the cases. In one subgroup with neuropathologic changes, characterized by tau-positive pathologic inclusions (FTLD-tau), mutations in the microtubule-associated protein tau gene, MAPT, have been shown to cause autosomal-dominant disease. 5, 6 The other main neuropathologic subgroup of FTLD, characterized by TAR DNAbinding protein of 43-kDa (TDP-43)-positive inclusions (FTLD-TDP), has been associated with mutations in the progranulin gene, GRN (OMIM *138945), 7, 8 as well as rarer mutations in other genes, such as TARDBP, encoding TDP-43 itself. 9 Author Affiliations are listed at the end of this article.
Located on chromosome 17q21, GRN consists of 13 exons encoding a highly glycosylated 593-amino acid precursor protein with a predicted molecular mass of 63.5 kDa. [10] [11] [12] Progranulin is a widely expressed secreted protein that can be cleaved to form a family of small peptides called granulins; progranulin and the granulins may function in inflammation, wound repair, and cell cycling. [13] [14] [15] Mutations of GRN are an important cause of FTLD-TDP, found in 24.7% of patients with FTLD-TDP in one series of 105 autopsy-proved cases 16 and in approximately5% of clinical FTLD cases unselected for family history. 16, 17 Inherited in an autosomal-dominant manner, GRN mutations are believed to act through a haploinsufficiency mechanism, 18 although recent data suggest that GRN transcript levels are elevated in brains affected by FTLD-TDP. 19 To date, more than 60 GRN mutations have been reported (Alzheimer Disease & Frontotemporal Dementia Mutation Database; http://www .molgen.ua.ac.be/FTDMutations). Most mutations result in premature termination of the GRN transcript, which is lost by nonsense-mediated messenger RNA (mRNA) decay and not expressed. 7, 8, 16 In addition, other pathogenic mechanisms ultimately resulting in protein haploinsufficiency exist. [20] [21] [22] Frontotemporal lobar degeneration caused by GRN mutations is clinically heterogeneous, even among family members carrying the same mutation, [23] [24] [25] [26] making genotypephenotype correlations difficult. However, certain general features of GRN-associated FTLD have been recognized. First, the neuropathologic substrate in GRN-associated FTLD appears to be FTLD-TDP. 27, 28 Second, motor neuron disease (MND) appears to be rare in FTLD in GRN mutation carriers. 29 Third, some have proposed that GRNassociated FTLD-TDP is more likely to have parkinsonian features than FTLD-TDP without GRN mutations. 30 Finally, in addition to the mendelian genetic factors in FTLD, nonmendelian genetic risk factors no doubt play a role in the disease. These include the recently identified FTLD-TDP susceptibility gene TMEM106B. 31 In the present study, we reviewed data on the largest (N=97) known collection of unrelated patients with GRN mutation-associated FTLD-TDP (GRN+ FTLD-TDP) from a 46-site international collaboration. Fifty different GRN mutations (2 novel) are represented, with the most frequent mutation (c.1477CϾT, p.R493X) found in 18 unrelated individuals. Compared with 453 patients with pathologically proved FTLD-TDP but no GRN mutations (GRN− FTLD-TDP) collected from the same sites, those with GRN+ FTLD-TDP had a younger age at onset and a lower risk of concomitant MND. Our findings demonstrate that GRN+ FTLD-TDP cases differ in key aspects from GRN− FTLD-TDP cases.
METHODS

PATIENTS
Investigators from 46 clinical centers and brain banks representing 11 countries (Table 1) collaborated to collect data on patients with FTLD-TDP with clinical and demographic information under institutional review board approval as previously described. 31 All included patients were white. The presence/ absence of GRN mutations was either demonstrated by the contributing site (n=271) or determined by bidirectional sequencing at the University of Pennsylvania (n = 294) as previously described. 32 Patients were screened for relatedness using identityby-state estimations (plink; http://pngu.mgh.harvard.edu/~purcell /plink/index.shtml) on 100 000 randomly distributed markers throughout the genome; pairwise pi-hat values in excess of 0.01 were considered indicators of relatedness. Demographic and clinical details were determined by the contributing site. Because of variations in clinical nomenclature, clinical diagnoses were extracted with the highest specificity possible but reclassified as 1 of 4 main diagnostic categories: behavior or language variant of frontotemporal dementia (bv/lv-FTD), Alzheimer disease (AD), dementia not otherwise specified (dementia NOS), or Parkinson disease/corticobasal syndrome/progressive supranuclear palsy (PD/ 
DNA EXTRACTION AND TDP-43 IMMUNOHISTOCHEMISTRY
DNA was extracted and evaluated for quality as previously described. 31 All pathology cases were confirmed to have TDP-43 pathologic characteristics by immunohistochemistry as previously described. 33, 34 
STATISTICAL ANALYSIS
Survival curve analysis using log-rank tests was used to compare age at onset, disease duration, and age at death in GRN+ FTLD-TDP and GRN− FTLD-TDP. Two-tailed Fisher exact tests were used to compare categorical features in GRN+ FTLD-TDP vs GRN− FTLD-TDP. For all tests, percentages and statistical testing were calculated based only on the cases for which relevant clinical data were available (eTable).
HAPLOTYPE ANALYSIS
Haplotypes were reconstructed and their population frequencies were estimated using the expectation-maximization algorithm implemented in the program fastPHASE. 35 
RESULTS
GRN MUTATIONS IN THIS STUDY
An international FTLD collaboration consisting of 46 sites representing 11 countries (Table 1 ) was formed to collect data on FTLD-TDP cases. Five hundred fifty samples from unrelated probands were included in this study, including 453 cases of autopsy-confirmed GRN− FTLD-TDP and 97 cases of GRN+ FTLD-TDP. Among the patients with GRN mutations, 79 underwent autopsy; all were found to have TDP-43 pathologic characteristics.
Among the 97 patients with GRN+ FTLD-TDP, we found 50 different pathogenic GRN mutations ( Table 2) , with 16 occurring in more than 1 individual (Figure 1) . The most frequent GRN mutation in our cohort was c.1477CϾT (p.R493X), found in 18 patients (18.6%). The next most frequent GRN mutation was c.26CϾA (p.A9D), found in 6 patients (6.2%). Two novel GRN mutations were identified in the current study: c.139delG (p.D47TfsX7) and c.378CϾA (p.C126X). These patients with new mutations are described briefly.
The GRN mutation c.139delG (p.D47TfsX7) was found in a woman who was diagnosed at age 72 years with "frontal lobe dementia" after 4 years of behavioral disturbances. Specifically, she was irritable, agitated, vulgar, and suspicious, with delusions of "worms crawling out of her skin." Neurologic examination revealed stereotyped movements, rigidity, and blunted emotional responses. Family history was notable for dementing illness in her mother; no further details were available. This patient died 2 months after her diagnosis, and neuropathologic examination showed FTLD-TDP.
The GRN mutation c.378CϾA (p.C126X) was found in a man who was diagnosed with Pick disease at age 57 after 4 years of progressively worsening behavioral disturbances. He died at age 63, and neuropathologic examination showed FTLD-TDP. Family history was notable for a first cousin who died 3 years before at age 62 after a 10-year history of a dementing disorder. Postmortem examination of the first cousin's brain confirmed a diagnosis of tau-negative FTLD. 
COMPARISON OF FTLD-TDP WITH AND WITHOUT GRN MUTATIONS
We next compared clinical features of patients with GRN+ FTLD-TDP and GRN− FTLD-TDP. Specifically, age at onset, age at death (in autopsy cases), disease duration (in autopsy cases), sex, family history of a similar illness, and concomitant MND were compared between the 2 groups ( Figure 2A) . As expected, individuals with GRN mutations were more likely to have a family history, with 75.6% (59 of 78) reporting a family member with a similar illness compared with only 37.0% (122 of 330) of those with GRN− FTLD-TDP (PϽ.001). Moreover, age at death was lower with GRN+ FTLD-TDP vs GRN− FTLD-TDP (median age, 65.5 vs 69.0 years; P Ͻ.001) (Figure 2B ), as was age at onset (median age, 58.0 vs 61.0 years; P Ͻ.001) (eFigure). Disease duration was similar in the 2 groups (median duration, 7.0 years with GRN+ FTLD-TDP vs 6.7 years with GRN− FTLD-TDP; P= .17) ( Figure 2C) .
Comparison of clinical presentations between FTLD-TDP with and without GRN mutations was complicated by variations in the clinical nomenclature. For comparative purposes, we collated clinical diagnoses as assigned by the contributing site and reclassified them as bv/lv-FTD, AD, dementia NOS, or PD/CBS/PSP (details in the supplementary Methods). We then determined the relative frequencies for modified clinical diagnoses for the 2 groups ( Figure 2D) Because clinical FTD-MND has rarely been reported in individuals with GRN mutation, 37 we further investigated the 5 patients with GRN+ FTLD-TDP and FTD-MND ( Table 3) . Clinical features compatible with MND were present in 4 patients, including 1 with electromyographic confirmation of denervation. In addition, 2 patients had pathologic features suggestive of upper MND, and 1 had pathologic evidence of lower MND. One GRN+ FTLD-TDP case with detailed information in support of MND is summarized in the supplementary Text.
CHARACTERISTICS OF C.1477CϾT (P.R493X) AND C.26CϾA (P.A9D)
The most common GRN mutation in our study was c.1477CϾT (p.R493X), found in 18 individuals (18.6%) from 11 centers. All 18 patients shared a haplotype that spanned 630 kilobases (kb), extending from the GRN gene telomerically to the ADAM11 gene, suggesting a common founder. The extended haplotype was not present at a frequency above 0.5% in individuals without the c.1477CϾT (p.R493X) mutation; however, the first 86 kb of the haplotype that extends across the linkage disequilibrium block adjacent to the GRN gene is relatively common and was found in 4.3% of our GRN− FTLD-TDP cohort and 4.2% of the GRN+ FTLD-TDP cohort not bearing the c.1477CϾT (p.R493X) mutation. We did not observe significant differences in age at onset, age at death, disease duration, presence/absence of family history, or presence/absence of MND for c.1477CϾT (p.R493X), compared with other GRN mutations ( Table 4 ). In our limited cohort, patients with the c.1477CϾT (p.R493X) mutation were more likely to be male than were those with other GRN mutations. The second most common GRN mutation in our study was c.26CϾA (p.A9D), found in 6 individuals (6.2%) from 5 centers ( Table 5 ). Age at death was younger than in patients with other GRN mutations (median, 59.0 vs 66.0 years; P=.02), as was age at onset (median, 51.0 vs 58. 
COMMENT
In the present study, we assembled data on 97 patients with GRN mutations from a 46-site international collaboration. This is the largest collection to date of GRN mutation cases and allows estimations of relative frequencies of GRN mutations as well as comparisons between GRNϩ FTLD-TDP and GRN− FTLD-TDP.
We found 50 unique GRN mutations in our 97-individual cohort. Of these, the most common was c.1477CϾT (p.R493X), found in 18.6% of our GRN cases. Our result accords with previous studies showing c.1477CϾT (p.R493X) to be the most common GRN mutation in one large US series 16 and several smaller US series, 38, 39 as well as one of the most common GRN mutations in a large UK series. 40 We did not find any meaningful phenotypic differences between the c.1477CϾT (p.R493X) mutation carriers and patients with other GRN mutations, although our clinical data were limited to demographic details and diagnosis. Thus, we suspect that the preponderance of men observed in our c.1477CϾT (p.R493X) carriers may be due to chance, as it has not been previously described and cannot be easily understood from a mechanistic perspective.
The second most common GRN mutation in our study was c.26CϾA (p.A9D), found in 6.2% of cases, supporting prior studies that showed this mutation to be relatively common. 16, 41 Interestingly, despite limitations in interpreting data from only 6 individuals with the c.26CϾA (p.A9D) mutation, there appeared to be a younger age at onset, younger age at death, and higher preponderance of diagnoses within the Parkinson/Parkinson-plus spectrum for this particular GRN mutation. Indeed, unlike most other GRN mutations, c.26CϾA (p.A9D) has been shown to not result in mRNA haploinsufficiency, although there may be protein haploinsufficiency because of an inability to secrete functional progranulin protein. 20, 21 In light of these differences in pathogenic mechanism, it would not be surprising if carriers of this particular GRN mutation exhibited some differences in phenotype; this question could be addressed in studies with more c.26CϾA (p.A9D) mutation carriers. in which GRN mutations had been excluded, we found age at onset and age at death to be significantly younger in patients with GRN mutations. In addition, patients with GRN mutations were more likely to have a family history of FTLD-TDP and less likely to have motor neuron disease (MND). P value was determined by log-rank testing for continuous variables, and Fisher exact testing was used for categorical variables. B, Age at death was significantly younger in patients with FTLD-TDP and GRN mutations (GRNϩ) vs patients with FTLD-TDP without GRN mutations (GRN−). P value was determined by log-rank testing. C, Disease duration did not differ significantly between FTLD-TDP with (GRNϩ) and without (GRN−) GRN mutations. P value was determined by log-rank testing. D, Clinical diagnoses for study cohorts of FTLD-TDP with (GRNϩ) and without (GRN−) GRN mutations. The proportion of patients with diagnoses of Parkinson disease, corticobasal syndrome, or progressive supranuclear palsy (PD/CBS/PSP) was significantly higher in those with GRN mutations (5% vs 1% for GRN− FTLD-TDP; P = .03). AD indicates Alzheimer disease; FTD, frontotemporal dementia; IQR, interquartile range; and NOS, not otherwise specified.
Accurate estimates of relative frequencies of each GRN mutation may be affected by a number of factors. First, inclusion of individuals who are closely related may overrepresent the frequency of a particular mutation. However, we minimized this possibility by entry criteria and identity-bystate analysis. Second, sampling from different geographic regions/ethnic groups to different extents may affect the results. Our study included only individuals of white ancestry from Europe, North America, and Australia. Accordingly, our results may not be representative of other ethnicities and regions of the world not participating in our collaboration.
Included in our study were 2 GRN mutations that, to our knowledge, have not been described previously: c.139delG (p.D47TfsX7) and c.378CϾA (p.C126X). We considered them to be pathogenic mutations because they both result in premature termination of transcript either by nonsense or frameshift mechanisms. Clinically and pathologically, neither show particularly exceptional features.
Because data on FTLD-TDP cases were collected by our collaborative group, with a special emphasis on carriers of GRN mutations, we could not assess the frequency of individual GRN mutations or GRN mutations as a whole in FTLD-TDP. However, the inclusion of 97 individuals with GRN mutations in one study allowed us to analyze in a statistically meaningful way whether there are group differences between GRN+ FTLD-TDP and GRN− FTLD-TDP. A subset of patients with GRN mutations included in this study has been reported in smaller studies from individual sites; however, the objective of the present study was to provide an overview of GRN+ FTLD-TDP, justifying our inclusion of these patients in our analyses.
We have provided clear evidence that people with FTLD-TDP who have GRN mutations are younger at the onset of the disease and at death and have a lower incidence of concomitant MND compared with FTLD-TDP patients without GRN mutations. Prior studies 16, 42 have shown younger age at onset for particular mutations in particular families, but, to our knowledge, an effect across GRN mutations has not been shown. The relatively low frequency of concomitant MND in GRN+ FTLD-TDP accords with prior studies. 37 Although information is sparse on some patients noted to have MND, it does appear that MND is a bona fide feature of some cases of GRN+ FTLD-TDP. In addition, our data support suggestions from prior studies 6, 28, 37 that GRN+ FTLD-TDP may be associated with parkinsonian features more frequently than GRN− FTLD-TDP 1 ; this effect may be driven by the c.26CϾA (p.A9D) mutations. It has been shown 43 that GRN+ FTLD-TDP has a global mRNA expression signature that is distinct from that of GRN− FTLD-TDP, so differences in clinical phenotype between these 2 groups are not altogether surprising.
In interpreting our data, we considered the possibility that 1 or 2 very common mutations with younger age at onset and less MND might be responsible for our findings. However, reanalysis of our data excluding either or both of the 2 most frequent mutations-c.1477CϾT (p.R493X) and c.26CϾA (p.A9D)-did not significantly change these results. We also considered the possibility that erroneous or missing information, always a factor in retrospective multicenter studies, or heterogeneity in ascertainment of disease and assignment of clinical diagnosis could account for our results. However, several lines of evidence make this possibility less likely. First, the omission of entire groups sharing a mutation (up to 24 GRN+ FTLD-TDP cases) did not change our main findings. Second, demographic and clinical details, along with tissue or DNA, were collected from the contributing site for the majority of patients with FTLD-TDP (294 of 550) without knowing a priori whether the individual harbored a GRN mutation; mutation status was determined by sequencing at the University of Pennsylvania. This makes it less likely that systematic reporting or ascertainment bias could create the observed differences. Indeed, we secondarily analyzed the finding that people with GRN mutations had both a younger age at onset and at death compared with those with no GRN mutations in the subgroups of patients with GRN status determined by the University of Pennsylvania vs by the contributing site and found no substantive differences in our results.
The 2006 discovery 5, 8 that mutations in GRN are a cause of FTLD-TDP was a landmark research finding for a group of heterogeneous neurodegenerative dementias (ie, FTLD) that remain enigmatic diseases with respect to many key issues, including their prevalence and their underlying mechanisms of disease. In the present study, we have assembled the largest collection to date of GRN mutation cases, evaluated the relative frequencies of individual GRN mutations, and demonstrated that GRN+ FTLD-TDP differs from GRN− FTLD-TDP in key clinical features such as age at onset, age at death, and presence of MND. Studies on the specific pathways underlying these GRNassociated differences may lead to insights on pathogenesis and possibilities for therapy for an otherwise fatal disease. 
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